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Spin wave resonance in Ni81Fe19 /Pt thin wire arrays has been investigated using the inverse
spin-Hall effect ISHE. The spin wave in the Ni81Fe19 layer drives spin pumping, generation of spin
currents from magnetization precession, and the pumped spin current is converted into a charge
current by ISHE in the Pt layer. We found an electromotive force transverse to the spatial and the
spin-polarization directions of the spin current. The experimental results indicate that the amplitude
of the electromotive force is proportional to the spin wave resonance absorption intensity, enabling
the electric measurement of spin wave resonance in nanostructured magnetic systems. © 2009
American Institute of Physics. DOI: 10.1063/1.3167826
There is currently great interest in the field of spintron-
ics, which is a new device technology promising efficient
magnetic memories and computing devices based on electron
spins.1,2 The field of spintronics aims to extend the scope of
conventional electronics by controlling magnetization dy-
namics using a spin current, a flow of electron spins in a
solid.3 In this stream, intensive experimental interests have
been focused on a method for electric detection of magnetic
resonance,
4,5
which enables the electric investigation of mag-
netization dynamics in magnetic systems.
The electric detection of ferromagnetic resonance can be
achieved using the spin pumping6–8 and the inverse spin-Hall
effect ISHE9–17 in ferromagnetic/paramagnetic bilayer
systems.9 The electromotive force due to ISHE induced by
the spin pumping was recently observed in Ni81Fe19 /Pt bi-
layer films.9,13,18 Up to now, studies on the spin pumping
have been mainly focused on the uniform magnetization pre-
cession in thin film systems. However, spintronic devices
operate in micro- or nanoscale systems. By reducing the sys-
tem size, the magnetization dynamics changes dramatically;
in confined magnetic systems, the dynamics is governed by
spin wave modes, a situation in contrast to the almost uni-
form precession of magnetization in extended thin films. The
electric detection of spin wave resonance using the spin
wave spin pumping SWSP is yet to be established.
In this letter, we demonstrate the electric detection of
spin wave resonance in Ni81Fe19 /Pt thin wire arrays using
ISHE induced by SWSP. This method allows the electric and
direct detection of spin wave resonance without using oscil-
lating electric currents, and thus will be useful for develop-
ing spintronic devices as well as for investigating spin dy-
namics in nanostructured systems.
Figures 1a and 1b show a schematic illustration and a
scanning electron microscope SEM image of the sample
used in the present study. The samples are an array of
Ni81Fe19 /Pt thin wires with width w=1, 1.5, and 2 m com-
prising a 10-nm-thick Pt layer and a 30-nm-thick Ni81Fe19
layer. The wires were arranged with the 1 m spacing over
a range of 500 m. The thin wires were fabricated using the
electron beam lithography and the lift-off technique. The Pt
layer was first deposited on a thermally oxidized Si substrate
by sputtering, and then the Ni81Fe19 layer was evaporated in
a high vacuum. Each wire is connected by a 5-nm-thick
AuPd electrode layer, which is sputtered on the whole sub-
strate. Two electrodes are attached to both ends of the AuPd
layer.
For the measurement, the sample system is placed near
the center of a TE011 cavity at which the magnetic-field com-
ponent of the microwave mode is maximized while the
electric-field component is minimized. During the measure-
ment, the microwave mode with frequency f =9.441 GHz
exists in the cavity, and an external magnetic field H is ap-
plied along the wires as illustrated in Fig. 1b. When H and
f fulfill the resonance condition, a spin current is resonantly
injected into the Pt layer by the spin pumping. This injected
spin current is converted into a charge current by ISHE in the
Pt layer and causes an electric potential difference between
the edges of the Pt layer. The electric potential difference is
aElectronic addresses: kazuya_ando@z8.keio.jp.
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FIG. 1. Color online a A schematic illustration of the spin pumping and
the inverse spin-Hall effect in the Ni81Fe19 /Pt thin wires. Jc, Js, and 
represent a charge current, a spin current, and the spin polarization of the
spin current, respectively. Mx denotes the magnetization. b A SEM im-
age of the Ni81Fe19 /Pt thin wires consisted of a periodic array of w
=1 m thin wires. w shows the wire width. H is the external magnetic field.
c Field H dependence of the FMR signal dIH /dH for the w=2 m
Ni81Fe19 /Pt wires. Here, I denotes the microwave absorption intensity.
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summed over the array along the x direction, giving rise to
an amplified electromotive force signal between the edges of
the sample. Using the field-lock-in technique, we measured
simultaneously the microwave absorption signal and the
electromotive force V between the electrodes attached to the
AuPd layer. The magnetodipole interaction between the
wires is negligibly small for the 1 m separation.19,20 All the
measurements were performed at room temperature.
Figure 1c shows the microwave absorption spectrum in
the Ni81Fe19 /Pt thin wires w=2 m under the 200 mW
microwave excitation with the external magnetic field along
the wire axis. In contrast to a single FMR peak observed in
Ni81Fe19 films corresponding to the uniform magnetization
precession,9 multiple resonance signals appear in the wires.
These multiple signals are observed also in the wires of w
=1 and 1.5 m see Figs. 2a and 2e. The observed mul-
tiple resonance fields are consistent with a model of the spin
wave resonance for the effective dipolar boundary
conditions,21 in which the effective pinning is determined by
the inhomogeneity of the dynamical demagnetization field
near the edges of the wire. In this model, the symmetric
components of the eigenfunctions across the width of the
wire have the form
mnx = An cosnx n = 1,3,5,7, . . . , 1
as shown in Fig. 3b. x is the coordinate along the wire
width direction see Fig. 1b. Here, n is the quantized
wave number: n=n1–2 /dp /w, where dp=2 / p1
+2 ln1 /p is the dimensionless effective pinning param-
eter and p= t /w is the aspect ratio of the wire t is the thick-
ness of the Ni81Fe19 layer. Only the symmetric modes,
which have nonzero average dipolar moments, can be ex-
cited by a uniform microwave. The resonance field of the nth
mode in this model is approximately expressed as
Hn = 4Ms12 1 + 4˜2 − 1 − 2n − 141 + 4˜2 tw	 , 2
where ˜
 / / 4Ms. Equation 2 shows that the reso-
nance field Hn is linearly dependent on the mode number n
and the mode separation H
Hn−Hn+2 is inversely propor-
tional to the wire width w as
H =
4Mst
1 + 4˜2
1
w
. 3
These features are consistent with the experimental results as
shown in Fig. 3a; the experimental results are well repro-
duced by Eq. 3 using the parameters =5.931010 s−1,
=1.861011 T−1 s−1, 4Ms=0.795 T, and t=30 nm.
In Figs. 2b, 2f, and 2j, we show the field depen-
dence of dVH /dH for the w=1, 1.5, and 2 m Ni81Fe19 /Pt
wire arrays, respectively. The resonant electromotive force
signals appear for all the samples. The field positions of
these signals coincide with the microwave spin wave-
resonance fields; the electromotive force follows the same
selection rule as the spin wave microwave absorption.
In order to elucidate the origin of the electromotive force
observed in the Ni81Fe19 /Pt wires, we measured dVH /dH
for a Ni81Fe19 wire array w=2 m, in which the Pt layer is
missing. The Ni81Fe19 wire shows no electromotive force
signal as shown in the inset to Fig. 2j, demonstrating that
the electromotive force observed in the Ni81Fe19 /Pt wires is
due not to the extrinsic magnetogalavanic effects, e.g., the
anomalous Hall effect,18 but is due to ISHE induced by
SWSP. This is supported also by the spectral shape analysis
for the electromotive force. The observed almost symmetric
dispersion shape of the electromotive force spectra Figs.
2d, 2h, and 2l is consistent with the prediction of the
spin-pumping-induced ISHE.9,18
In Figs. 4b–4d, the amplitude of the ISHE signal Vn
is plotted as a function of the microwave power PMW, where
Vn is estimated as the total amplitude of dVH /dH see Fig.
4a. The amplitude increases linearly with the microwave
power, supporting the SWSP scenario as follows. In the stan-
dard model of the spin pumping,6 the generated spin current
density js	 MdM /dt, where M is the magnetization. In
the present system, the dc component jsx is the time aver-
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FIG. 2. Color online a, e, and i Field H dependence of the FMR
signal dIH /dH in the Ni81Fe19 /Pt wire arrays with w=1, 1.5, and 2 m,
respectively. Here, I denotes the microwave absorption intensity. b, f,
and j dVH /dH in the Ni81Fe19 /Pt wire arrays with w=1, 1.5, and 2 m,
respectively. V denotes the electric-potential difference between the elec-
trodes attached to the AuPd layer. The inset to j shows dVH /dH in the
Ni81Fe19 wire array w=2 m. c, g, and k SEM images of the w
=1, 1.5, and 2 m Ni81Fe19 /Pt wire arrays, respectively. d, h, and l
The dVH /dH observed for the n=3 mode spin wave resonance for the
Ni81Fe19 /Pt wire arrays with w=1, 1.5, and 2 m, respectively. The solid
curves are the fitting results using the dispersion function IISHE and the
double-bump function IAHE Ref. 9.
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aged z component of jsx: jsx	  /202/Mx
dMx /dtzdt, where =2f and f is the microwave fre-
quency. The pumped spin current does not depend on the
phase of the spin wave modes, since only the z component
has nonzero time average. The total spin current can be ob-
tained as Js=jsxdx	
h2 in the same manner as in the
case of thin film systems.13,18 Here, 
 is the imaginary part
of the transverse magnetic susceptibility and h is the ampli-
tude of the microwave magnetic field. In the spin wave reso-
nance 
=n
n where 
n	 mnxdx2 /mnx2dx for the
nth mode spin wave.22 Therefore, the spin current injected
into the Pt layer due to the nth mode resonance is
Js
n 	 
nh2. 4
Equation 4 shows that the induced spin current Js
n is pro-
portional to h2, which is consistent with the measured PMW
dependence of Vn shown in Fig. 4. Equation 4 also shows
that Js
n is proportional to the microwave absorption intensity
In= h2 /2
n, indicating that the spectral shape and the rela-
tive intensity of the electromotive force due to ISHE induced
by SWSP are expected to be identical to those of the micro-
wave absorption. These are demonstrated in the present ex-
periments, as shown in Fig. 2 and Table I.
In summary, we demonstrated the electric detection of
spin wave resonance in Ni81Fe19 /Pt thin wire arrays using
the SWSP and the ISHE. This method allows the electric
investigation of spin dynamics in confined nanoscale sys-
tems.
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FIG. 3. Color online a The spin wave resonance field Hn as a function of
the mode number n for the Ni81Fe19 /Pt wires of the width w=1, 1.5, and
2 m. The solid lines show linear fits to the data. The inset shows the mode
separation H
Hn−Hn+2 plotted as a function of 1 /w. The solid line shows
a fitting result using Eq. 3. The resonance field is insensitive to surface
roughness compared to the spectral amplitude Ref. 23. b The spin wave
eigenmode profiles along the wire width direction x.
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FIG. 4. Color online a dVH /dH signal for the w=2 m Ni81Fe19 /Pt
thin wire array. n is the mode number. Vn shows the amplitude of the ISHE
signal. b Microwave power PMW dependence of the ISHE signal Vn for the
2 m Ni81Fe19 /Pt thin wire array. Here, Vn is estimated as the total ampli-
tude of dVH /dH for the nth mode spin wave resonance see a. c and
d The PMW dependence of Vn for the w=1 and 1.5 m Ni81Fe19 /Pt thin
wires, respectively. In the insets, the data in Figs. 2b and 2f are replotted
for comparison.
TABLE I. Comparison of the normalized microwave absorption intensity
In / In=1 and the normalized amplitude of the ISHE signal Vn /Vn=1 for the
2 m Ni81Fe19 /Pt thin wire array. In and Vn are defined as the total ampli-
tude of the resonance shape see Fig. 4a.
n 1 3 5 7
In / In=1 1.00 0.0414 0.0144 0.00743
Vn /Vn=1 1.00 0.0415 0.0129 0.00786
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